Study Design. A prospective case series study. Objective. To describe and assess a two-level osteotomy method for the management of severe thoracolumbar kyphosis (TLK) in patients with ankylosing spondylitis (AS). Summary of Background Data. To achieve better postoperative outcomes in these patients, a sophisticated preoperative surgical plan is required. Most deformities are managed using a one-level osteotomy and a two-level osteotomy is seldomly reported. Till date, no study has described a two-level osteotomy for these cases. Methods. From January 2011 to December 2012, 10 consecutive patients with ankylosing spondylitis who underwent twolevel spinal osteotomy were studied. Pre-and postoperative fulllength free-standing radiographs, including the whole spine and pelvis, were available for all patients. Pre-and postoperative radiological parameters, including T5-S1 Cobb angles, TLK, lumbar lordosis, pelvic incidence, pelvic tilt, sacral slope, and sagittal vertical axis were measured. Health related quality of life , including ODI and SRS-22 surveys were administered before surgery and at 1-year follow up. Results. The preoperative and postoperative T5-S1 Cobb angles was 51.38 and À7.18, respectively (P < 0.001). All patients demonstrated changes in postoperative radiographic parameters including decreased pelvic tilt (from 37.18 to 14.38, P < 0.001), TLK (from 36.98 to 12.68, P < 0.001), and sagittal vertical axis (from 21.4 cm to 7.1 cm, P < 0.001), increased lumbar lordosis (from -5.18 to À47.18, P < 0.001), sacral slope (from 13.48 to 37.78, P < 0.001), but no significant change in pelvic incidence.
A nkylosing spondylitis (AS) is a chronic inflammatory disease that generally involves the sacroiliac joints and spinal column, and advances from caudal to cranial vertebrae. [1] [2] A fixed thoracolumbar kyphosis (TLK) is the most common deformity that causes difficulties with standing, walking, looking horizontally, and lying flat on one's back. In severe cases, visceral compression may also cause intraabdominal complications or impair respiratory function. 3 For many AS patients with kyphosis, surgical correction is necessary.
Several methods to restore sagittal balance for AS kyphotic deformities have been previously described in literature. The mean correction in patients with thoracolumbar kyphotic deformity is approximately 40.38 for opening wedge osteotomies and 36.58 for closing wedge osteotomies. These osteotomies can be sufficient in correcting the TLK, but do not treat the TLK combined with loss of lumbar lordosis, 4 consequentially, a two-level osteotomy should be applied. 5 Previous studies on AS kyphosis lack a detailed method for calculating the required correction angle and distribution of two osteotomies.
A sophisticated preoperative surgical plan is required to achieve positive postoperative outcomes. Most AS deformities are managed using a one-level osteotomy and seldom has a two-level osteotomy been reported. Previous clinical research suggests, in preoperative planning, the hilus pulmonis could be considered as the center of gravity of the patient's trunk for AS kyphosis. [6] [7] In the aforementioned studies, the ideal postoperative pelvic tilt (PT) was calculated according to preoperative pelvic incidence (PI). The exact angle required for spinal osteotomy for AS patients may be calculated individually by shifting the center of gravity (CG) to the plumb line through the hip axis (HA).
We used this method to calculate the required angle of two-level osteotomies to reestablish the sagittal balance of AS with TLK. The goal of this prospective study was to determine its clinical utility by measuring the pre-and postoperative radiological spinopelvic parameters and the corresponding heath related quality of life (HRQOL) scores.
MATERIALS AND METHODS

Patient Demographics
The inclusion criteria are: (i) patients with AS-induced TLK with loss of lumbar lordosis; (ii) minimum of 1 year radiographic postoperative follow up. The exclusion criteria are: (i) patients with previous spinal surgery; (ii) patients with pathological spinal fractures or pseudarthrosis; (iii) patients with neuralgic symptoms or limited joint activity in lower extremity; and (iv) patients with cervical ankylosing. From January 2011 to December 2012, 10 consecutive patients meeting the above selection criterion underwent two-level pedicle subtraction osteotomy (PSO) at our institution, including one female and nine males with an average age of 33 years. The osteotomies were performed at T12 and L2 in four cases and at L1 and L3 in six cases. The minimal follow-up was 12 months.
Radiologic and Clinical Assessments
The T5-S1 Cobb angle was defined as the Cobb angle from the upper endplate of T5 to the endplate of S1. PI was defined as the angle between the line perpendicular to the sacral plate at its midpoint and the line connecting this point to the axis of the hip. PT was defined as the vertical angle of the line connecting the hip axis and the midpoint of the sacral plate (Figure 1 ). Sacral slope (SS) was defined as the angle between the sacral endplate and the horizontal plane. TLK (T10 superior end plate to L2 inferior end plate Cobb angle), lumbar lordosis (LL) (L1 superior end plate to S1 superior end plate Cobb angle, with a positive value indicating lumbar kyphosis and negative value indicating lumbar lordosis), and sagittal vertical axis (SVA) (the distance measured between the C7 plumb line and the posterosuperior corner of S1) were also measured. The PSO angle was defined as the change in angle after osteotomy from the upper endplate to the lower endplate. X-ray was used to measure these radiological parameters before surgery at the 1 week and 6 month mark and 1 year after surgery. Before surgery, at the 6 month mark and 1 year after surgery, HRQOL instruments (Oswestry Disability Index, Scoliosis Research Society-22) were collected by questionnaire.
Corrective Planning
In a previous study, Song and Zheng et al 7 chose the hilus pulmonis plumbline to reestablish the harmonious pelvic- Figure 1 . T5-S1 Cobb angles, PI, and PT. spinal alignment by one-level PSO, and obtained good clinical results. In this study, we mimicked the method of Song and Zheng et al, 7 we too utilized the hilus pulmonis as the center of the trunk and calculated the ideal postoperative PT according to the preoperative PI to define the preoperative surgical plan.
We used the formula PT ¼ (0.37 x PI)-78 to precisely locate the neutral pelvic position for each patient. 8 We first measured the preoperative PI (Figure 2A ) so that the theoretical PT (ideal postoperative PT) could be calculated according to the formula mentioned above. Subsequently, we used the theoretical PT to locate the exact pelvic neutral position line through the hip axis ( Figure 2B ). Finally, the hilus pulmonis was shifted to the pelvic neutral position line ( Figure 2C ), allowing for an individualized patient osteotomy deformity plan ( Figure 2D -F).
Operative Procedure
After the general endotracheal anesthesia was administered, patients were placed in a prone position on a reverse V-shape operating table with their abdomen hanging free. A midline skin incision was made and a subperiosteal dissection was carried out to expose the posterior elements as far laterally as the transverse processes. As planned preoperatively, pedicle screws were inserted into at least two vertebrae levels above and below the pedicles to be resected. After laminectomy and facetectomy at the osteotomy site, the cancellous bone of vertebral body was removed using a ball-tipped drill to create a V-shape cavity through the pedicle to perform osteotomy as designed preoperatively. Then the posterior and lateral cortex of the body was thinned by bilateral resection of the appropriate lateral cortical wall. The posterior cortex was then pushed down into the body. The same operative procedure was performed in the next osteotomy level. The correction was obtained by closing the osteotomy site with the anterior cortex acting as a hinge when the operating table was hyperextended to a V shape. The pedicle screws were then locked onto the rods. Spinal cord function was continuously monitored by sensory-evoked potentials and motion-evoked potentials. After Figure 2 . Personalized two-level osteotomy design. A, We measured the preoperative PI (518), and the theoretical PT (tPT ¼ 0.37
We used the tPT to locate exact pelvic neutral positional line (HA-HP'). C, We marked RPL3 (rotation point at L3: the middle point at the front edge of inferior PSO vertebra) and RPL1 (rotation point at L1: the middle point at the front edge of superior PSO vertebra). D, We placed a circle with RPL3 as the center and RPL3-RPL1 as the radius rotated 458 anticlockwise and marked the new site of RPL1 as O. E, We placed another circle with O as the center and RPL1-HP as the radius; HP' is the intersection with SPÀHA. The theoretical osteotomy angle for L3 was designed as ffO-RP3-RP1 ¼ 458. The theoretical osteotomy angle for L1 was determined as ffHP'-O-RP1-HPffO-RP3-RP1 ¼ 858À458¼358. F, After achieving a PSO angle in L3 of 458 (348 postoperative lordosis þ 118 preoperative kyphosis), and a PSO angle in L1 of 358 (188 postoperative lordosis þ 178 preoperative kyphosis) for a total of 808, the postoperative PT was equal to 128 and individual pelvic neutral position was successfully reconstructed.
surgery, the patients were asked to wear a removable brace for 6 months in daytime.
Statistical Analysis
Data was statistically analyzed by SPSS v14.0 for Windows (SPSS Inc, Chicago, IL). Changes in pre-and postoperative measurements of the radiological parameters and HRQOL instruments were evaluated by a paired sample t test. All tests were two-tailed and significance was set at (P < 0.05).
RESULTS
The mean operative time was 292 AE 47 minutes (range 227-385 min) and the average blood loss was 2132 AE 837 mL (range 1190-4120 mL). The mean time of follow-up was 30 AE 8 months (range 12-45 months). In these 10 patients (including one female and nine males with an average age of 33 years), the pre-and postoperative Cobb T5-S1 angles were 51.38 (range: 26-808) and -7.18 (range: 26-368), respectively (P < 0.001). The osteotomies were performed at T12 and L2 in four cases and at L1 and L3 in six cases. Osteotomy angles of the proximal and distal levels were 328 (range: 20-468) and 398 (range: 288-528), respectively. All patients demonstrated changes in postoperative radiographic parameters including decreased PT (from 37.18 to 14.38, P < 0.001), TLK (from 36.98 to 12.68, P < 0.001), and increased LL (from À5.18 to -47.18, P < 0.001) ( Table 1) . SVA was improved from 21.4 cm to 7.1 cm and SS was improved from 13.48 to 37.78 (P < 0.001, Table 1 ). No significant changes in PI were observed (P > 0.05) ( Table 1) . HRQOL at 1-year follow-up was significantly improved compared to preoperative findings (P < 0.05) ( Table 2) .
COMPLICATIONS
All 10 patients felt abdominal muscles tense, and two suffered from tensive blisters. However, all patients recovered no more than 2 weeks after the procedure. No sagittal translation occurred in all patients. During the follow-up period, there was no instrumentation failure or pseudoarthrosis formation occurred. At the final follow-up, x-ray films showed good fusion at the osteotomy site and no obvious loss of correction.
DISCUSSION
Two-level PSO for Severe AS Kyphosis
Three main osteotomy techniques are used to repair AS TLK: open wedge osteotomies (OWOs), named SmithPetersen Osteotomies (SPO), 9 closing wedge osteotomy (CWO), commonly named Pedicle Subtraction Osteotomy (PSO), 10 and close-open osteotomy (COWO). 11, 12 Most studies reported the mean correction achieved by single level PSO was 308-458. 4, 10, 13, 14 However, this average does not adequately describe patients with AS kyphosis because of angle deformities at two separate sites. It is commonly noted that patients with AS kyphosis are characterized by a round spinal curvature that resembles the letter ''C'', in which the angle of the TLK is increased and the lumbar lordosis is decreased. A single PSO only barely corrected the both regional deformities.
Xu et al 15 compared the radiologic parameters between single-and two-level PSO in correcting AS kyphosis. Xu et al found that the cases in two-level PSO group had lager preoperative thoracolumbar and lumbar kyphosis than those in single PSO group. Although in some patients, single osteotomy could achieved as large as to 608 correction, 10 we didn't undertake single large osteotomy in these cases, because single large osteotomy results in a spinal sharp turn, leading to unharmonious spinal alignment and danger to the spinal cord.
For AS patients with thoracolumbar kyphotic deformities whose vertebral bodies have not fused and lumbar lordosis is acceptable, SPOs are usually the first choice. One-level PSO could be adopted for cases with anterior fused vertebrae and single regional deformity. For patients with thoracolumbar and lumbar kyphosis caused by AS, two-level PSO should be considered. When we choose two-level osteotomy, more harmonious and close to normal spinal alignment could be achieved. Better spinal stability and bone healing are expected because of the increased area of bone-on-bone contact. 16, 17 Therefore, two-level PSO could be an optimal choice for AS patients with both fused thoracolumbar and lumbar kyphosis. In this study, all cases were severe fused with average LL equal to -5.18 and TLK equal to 36.98. The osteotomy at apical vertebra may achieve a better correction effect; therefore, in all cases, L1/L3 and T12/L2 were the consistent choice for osteotomy site. In addition, the loss of lumbar lordosis of AS patients is usually coexistent with hyperkyphosis of the thoracolumbar spine and the former has more severe impact on sagittal balance in uncompensated kyphosis. T12 and L1 are usually the apex of the TLK in patients with AS and L3 is the apex of lumbar lordosis in normal subjects. This implies the ideal combination of osteotomy sites for patients with AS with severe thoracolumbar kyphotic deformity is L1 and L3. 5 If the apex of ''C'' is located above T12, we may choose T12 and L2 as osteotomy sites. Thus, we usually carried out the first PSO at lumbar (L3 or L2) and the second at thoracolumbar spine (T12 or L1), and at least one vertebra was reserved between these two osteotomies. To decrease the risk of adverse surgical events, performing two-level spinal osteotomies at the spinal cord regions is not recommended.
Shifting CG to Pelvic Neutral Positional Plumbline for Sagittal Balance
For fixed TLK caused by AS, the CG is moved forward and downward compared with normal subjects, thus causing the CG to fall in front of the HA. However, this situation does not occur because of the compensation of the pelvic backward rotation, which relocates the CG to the HA for balance and lower energy expenditure. To reconstruct the sagittal balance of AS patients, the key is to restore the patient's pelvic neutral position by standing naturally. Optimal function of the lower extremities can be achieved when both the hip and knee joints are in a neutral position. Otherwise, persistent contraction of hip extensor muscles and quadriceps are needed. 18, 19 In the study of Van Royen et al, 18 SS was defined at 408 for the pelvic neutral position and shifting C7 near to the HA was used to achieve this goal. However, to define SS as 408 is generalized and not patient-specific. In addition, C7 plumbline is not the real gravity plumbline of the trunk. Therefore, theoretical individual PT could be calculated by preoperative PI and was used to achieve a pelvic neutral position. This allowed us to calculate the exact PSO angle by shifting the CG to the pelvic neutral position plumb line. With the restoration of PT, there are notably improved clinical outcomes in appearance, psychosocial activities, and in physical functioning (i.e., standing).
Osteotomy Design of Two-level PSO
Prior studies by Song and Zheng et al 7 have detailed the methods to calculate the exact required angle of a one-level PSO. However, a method for calculating a two-level PSO and properly distributing these angles has yet to be described. Two osteotomy sites contribute to reshaping the spine, whereas other parts of the spine and trunk remain fixed because of the fact that the whole spine of AS patients is commonly being fused. To achieve improved postoperative outcomes, a sophisticated preoperative surgical plan is required.
As was shown by Van Royen et al, 18 multilevel osteotomies have the ability to restore sagittal balance because of a leverage effect. [20] [21] [22] If the same correction is obtained, performing osteotomies in distal vertebrae can do more for sagittal balance than proximal vertebrae. Thus, to restore the same sagittal balance, the required osteotomy angle in the distal vertebrae may be smaller than in the proximal vertebrae. For a two-level PSO, which involves proximal and distal vertebrae, different angles are required at different levels for sagittal balance. These differing angles can be calculated using the same method as the one level method, but for each individual level ( Figure 3A) . The middle level did not exactly replace the total angle of the two-level osteotomy as shown in (Figure 3B ) (L1 ¼ 7286 ¼658¼L2þT12). In addition, different angles in the levels resulted in a different total angle for the osteotomy(L2þT12 ¼ 458þ208¼658 and L2þT12 ¼ 308þ408¼708) (Figure 3B, C) . Conclusively, because of less restriction of the ribs, decreased risk of spinal cord compression, and an increased ability to reconstruct the sagittal balance because of leverage effect, we preferred to perform the osteotomies more aggressively in the lumbar region. Therefore, we must carefully calculate the required correction of the two osteotomy sites separately.
In conclusion, this calculation of a two-level osteotomy provides an accurate and reproducible method for AS correction. By which, satisfactory radiological parameters and clinical outcomes could be obtained.
Key Points
The loss of LL is usually coexistent with hyperkyphosis of thoracolumbar and thoracic spine (there are two apex), so two-level spinal osteotomies are needed, because reconstructing the LL is at least as important or even more important than correcting the thoracolumbar kyphotic deformity. The osteotomy sites are usually chosen at the apex of the deformity that contributed most to the deformity, but performing two-level spinal osteotomies at the spinal cord regions not recommend. This method provides an accurate and reproducible calculation for AS correction. Figure 3 . A, For sagittal balance, the one-level method was used to calculate the required angle of 858 at T12, 728 at L1, and 608 at L2. B, Using the two-level method to calculate the required angle, when L2 is 458, T12 needs 208 (65-45 ¼ 208). C, Using the two-level method to calculate the required angle, when L2 is 308, T12 needs 408 (70-30 ¼ 408).
